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Abstract 

Cusrkc interact under the inf'luerxc ol instxto:is. These intsrzctic:ls 

afiec;; the wavefwfctions of pionz and nucleons ar.d pxduca diffcrcnces in 

the tra:>svcrse monentm distritiutions of the ua and dc;zn cpmrks within a 

nucleon. 



Quantum chro:ncdyn.?t:ics nay prsvidc a vinblc description of the qxwk 

. substructure of hzdronic states. At short distances this theory is aacnable 

to perturbative analysis, trith results which accord ~311 l:ith a nuaber of' 

biS;h energy scatterin;: experiments. At ion: distances, however, 

non-perturbative effects are probably important, and the detail& of how . . 

quarks are bound into hadronic states rezain unclear, This bindin: poses 

tFo difficult questions: how to generate the spectrum of the 

nonrelativistic quark model and hou to incorporate in these states the 

constraints of current algebra and chiral symmetry. 

A solution to this second problem may be provided 192 by the instanton 

configurations of quantum chroaodynsaics. If instantons Tencrate 

dynamical masses for N species of massless fernions, then the saze 

interactions must produce 2 >i2 - I massless pseudoscalar bound states of 

quarks and anti-quarks as Ilsmbu-Goldstone bosons for t'ne chiral symmetry 

SU(M) X SU(H). If, moreover, this spontaneous symmetry breakdo\?n occurs at 

distances smaller than typical hadronic radii, it should be possible to 

treat instanton interactions independently of details of the mechanisn hhich 

confines quarks to the interior of hadrons. 

In this letter we argue that the instanton scale is indeed smaller than 

the confineJient scale. It follows that hadronic wsvefunctions should have 

mo;nentum conponents of order,!!, the inverse of' the dcqinsnt instanton size, 

a nti3ber which is significantly larzcr than 200 PJeV, the inverse of the 

confine::ent len(rth. Exporiments4 which probe the tr?nsvcrsG mo-nentur;; 
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distribution of' quw I.;.~ witbin pions and n~rclcons air-eady indicate the 

presence5 of' mo~ent;ua co::ponents on the order of d30 - 1033 MeV. Our 

model helps explain this result and predicts that there should be large 

differences in the transverse aomentu-;l distributions of the u:, and down 

quarks within a nuslcon, 

The instanton-induced quantum tunnelling ainplitude involves the running 

couplinT .2 in the follorrinS combination: 6,i’ 

Here 
P 

denotes the instanton size and /\ is a constant 'which is 

indeterminate at the one loop level (i.e. with the consideration of only the 

lowest order quantun fluctuations about the instanton field). S5nce r is 

maximal, for &? )/t3Ti2 = l/6, this factor selects a certain ranrr,e of 

instanton sizes dependent upon the parameter ): . The ap?roxinate value of 

this paraTcter can be estimated in an analysis of the dynamical mass which 

instantons are presumed to generate. E’Or the purposz of that analysis we 

will choose a specific‘ form for the running coupling, 

uhich extrapolates from asymptotic freedom at small p to a linear potential 

at large ,.2 . Tne scale factor .,"L is detcrnined from analyses of sca1inf-r 
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violations in deep inelastic scatterinF ano electron-positron annihilation 
.'. ,? 

to have the approxi!aatc value 0 i , _: -'L 500 SeV. 

The dynamical quark mass m(p) is described by an integral equation 

which can be solved by nuncrical or approximate analytical techniques. The 

result is 

where f(,Ap/2) describes' the uavefunction of the lowest eigenmode of a 

quark field in the presence of an instanton of size ,,2. h plot of the mass 

function m(p) is given in Fiq. 1 for the case i\i = 3. The derivation of 

Eq.. (3) assunes.thst 2 / n(p) << 1 over the range of ,S selected by the factor 

‘G ( h,3 1 . The approximate value of .A can be spec'ified as follows. If our 

quantum amplitudes are'defincd5 by Pauli-Villars-regularization, then the 

long distance mass m(O) uill have a numerical value 

Thus, if this number is to be of the order of 300 Ifsi!, we mtst have 

x ” eo.,iL A different re?ularizstion scheme l:ould chance the nvaerical 

.coefficient in Eq. (4). Thus, for example, in the dimensional 
r 

reglarization schemeb (still usin J 2 z 500 i+leV) we would obtain an 

estimate ,\^i 1.5. In either case the stronrr x dependence. of Eq. (4) 



. 'ihe n:o:nentu:z -1 J.,, = . . / r<hich maximizes the function i x- of Eqs, (I) 

and (2) has the value 

for A.= I.0 and -/l= 500 NeV. hate that this *estimate is 1arRc compared to 

200 XeV, meanins that the dominant instantons are significantly smaller th3n 
. 

the confinement length. Although the naynitudc of the product /‘j/L is 

soscwhat uncertain, .- we believe that this qualitative conclusion r;ill survive 

any juqglin2 of the parameters in Eq. (5). . In physical terns, the parameter 

/'x sets the scale of variation of the mass function a(p) (see Fiq. 1). The 

same scale characterizes the interactions uhich instantons .induce bethrem 

quar!:s and antiquarks. Thf%C? interactions 10 can be expressed 2 in terms 

of a bethe-Salpeter kernel, 

r:here A 1 and A2 denote color, flavor and spin dcpcndsnt factors formed 

from the incoming; and outgoin? particles, respectively. The relative 

strengths of the kernel for different states of color, flavor and spin are 



indic'n'ied in 'l'able 1.. A stron7 nttr7etivc intwaction occurs 2 in the 

pscUdoscnlar, color sirtrlct, flavor adjoint .ch:nncl and ccner.atcs the 

Nsmbu-Goldstone bonons expected to follow from the spontaneous breakin,? of 

chiral SiJ(li) X S'J(ii) symmetry, Th e correspondirJ.5 Eethe-Salpeter 

wavefunction for a ‘pion of zero four-rwmentum is 

(7) 

Note that the small mcmentum (or lon7 distance) bnhavior of this 

wavefunction is governed by the long distance mass m(O), The large momentum 

behavior ofTi is determined by the larce momentum behavior of m(p) 

and involves the scale .'I as indicated in r'ig. 1. /-‘ 

Crossin? to quark-quark channeis, c;e can recast-the results of Table I . 

into the form of Table II. The same approximations2 which produced the 

nassless bound state of Eq. (7) lead now to a (massive) diquark state. The 

diquark is spinless and transforms as an anti-triplet of color and flavor, 

Like the pseudoscalar mesons this diquark includes in its wavefunction 

nomcntu!3 components of characteristic size /I.4 * The quantum numbers of the 

diquark allow it to reside in the nucleon but not in the .G resonance. This 

fact underscores the role of'inctanton interactions in breakino: the SU(6) 

symmetry of the naive qu:wk model. (Similarly, we note that in Table I 

there are entries correspondinq to pseudoscalar mesons but none for my 

vector meson states,) 



If’ noi;’ WC con;:trlsc t r~uc.l~~;~r~:: IIS bound ztat2.q of diousrks end cvarlc.~~ R II 

. intcrcstin,? physical pit ture results, Since the confinement length is 
v 

larcer thqn typical instanton sizes, the quark-diquark wavefunction should 

involve typically Saallel* moinentun conponcnts thzn the kzvefunction for 

qUar1t.S b’ounC; Kithin the diquark, This implies that tha averape transverse . 

uomentun of a do?.n qusrk within a proton r:ill be typicaIly lamer than that 

of an up quark. Cusntitative measurements of these distributions can be 

obtained by studyiny: 4 the production of ,c L y,,' pairs in the _/ -- 
+- 

bombardment of protons with ,7' beams. Neglecting entirely the momentum 

arising frcjn the quark-diquark wavefunction, r:e obtain a prediction 11,12 

for the difference in mean-square transverse momenta of the produced muon 

pairs, To test this prediction one must measure the difference 

<PI *> 
77 r - <P 2> 

-l 77-- 
and use Eq. (6) to deduce from it a value for,,,.. If 

this number is significantly larger than. 200 ?leV, then \.;e would interpret 

the / CL fL" production data as an experimental observation of instzntons, 

and uould identify the experimentally determined ,c' as the dominant 
/‘* 

instanton size. 

The quark-diquark structure proposed here provides a straiqhtforward 

explanation f'or aspects of the nucleon that hsve been previously linked with 

SU(G) s3.?:n?etr'y breakin- effects , The dicuark \;s,vcfunction (cf. Eq, (7)) 



fall3 of‘i rapidly ra t 1 ;! r .- n b ?lo~:!crlt:~l (p >> t > . , l’ilun in clc?r, i.nclnrLic 

scattm*in; cxpzrinents near x q 1, scatterit)? shoulci occw do71 inn,tl tly fro3 

the odd quark in the. nucleon, lhis. provides * th,l!, 

El3 x -.’ / 1 . r‘urthernore, since the di.quark is 

spin&css there is a suq.:estion in this picture of’ large polarizaLion 

asymnetrics as x --‘I 1, Such asymetries do indeed seen to be a feature of 

13 the most; recent data in this area , 

This t;ork uas initiated at the 197i?, Seattle TGP. iie thank S. D, Ellis 

an< E. 14. Henley for their hospitality. We have also enjoyed useful 

conversations with H. Savit, J. D. Sullivan, 1?. S. Gilley and E. Kinstein, 
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I. 'I'able iinlative stren:<th of the Leth+Sslpeter kernel for ousrk-antiquark 
. 

channels. UndePlined nmbers label rep:.esautations of the S(3) color and 

SU(iJ) flavor j:roup. S>ir, indices of the tr,:o farticles are coupled vi.3 the 

indicated Dirac matrix. 

Table L -- kelative strength.of the Ecthe-Salpeter kernel for quark-quark 
. 

(dicpark) chsnnels. The sy.nbol A denotes anti-symletrization of the flavor - 

labels 011 the two quarks, correspondin? to the representations 2, 3 and 6 
p"7 li-. XV\ 

for N = 2, 3 and 4, respectively. 

Figure Caption 

FiQ,1. l3e dynamical mass fmction. The dominant instanton size is of 

-1 order+ , 
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